Introduction {#s0001}
============

Pediatric solid tumors are relatively rare, with an estimated incidence of 73 to 148 per 1,000,000 people.[@cit0001] In recent decades, multidisciplinary approaches to and progress in specialized care using a combination of chemotherapy, surgery, and radiotherapy have improved the treatment of pediatric solid tumors, with current overall survival rates from 75% to 90% associated with non-metastatic tumors.[@cit0002] However, of the 10% to 30% of pediatric patients with metastatic or refractory solid tumors, 15% to 20% experience a relapse at distant sites.[@cit0003] Additionally, various critical, late complications continue to occur. Therefore, the development of novel, effective therapies is urgently required to prolong survival in patients with refractory pediatric solid tumors accompanied by good quality of life (QOL) while minimizing the risk of adverse reactions.

Immunotherapy is a potentially attractive option for pediatric solid tumors. Many tumor antigens such as disialoganglioside, glycoprotein B7 homolog three protein, glycoprotein non-metastatic B, and Wilms-tumor antigen, identified in pediatric solid tumors, represent potential antigens for peptide vaccines.[@cit0004] Additionally, immunotherapeutic methods using tumor-antigen-derived peptide vaccines demonstrated certain degrees of antitumor efficacy in clinical trials in patients with refractory pediatric solid tumors.[@cit0010] To improve treatment outcomes and survival responses associated with tumor-antigen-derived peptide vaccines, more effective tumor antigens are needed.

Carcinoembryonic antigen glypican-3 (GPC3) is a cell-surface heparan sulfate proteoglycan linked to the extracytoplasmic cell-surface membrane by a glycosylphosphatidylinositol anchor.[@cit0012] GPC3 is associated with cell growth, development, and responses to various growth factors[@cit0013] and represents a good target for anticancer immunotherapy against pediatric solid tumors owing to its overexpression in many pediatric solid tumors, especially yolk sac tumors (90.0%) and hepatoblastomas (60.0%).[@cit0014] Clinical trials of a GPC3-derived peptide vaccine conducted in adult patients with hepatocellular carcinoma (HCC) and ovarian clear-cell carcinoma confirmed its safety and indicated correlations between GPC3-specific cytotoxic T lymphocyte (CTL) frequency and overall survival (OS).[@cit0015] On the basis of these results, we conducted a phase I clinical trial of a GPC3-derived peptide vaccine to evaluate its efficacy and safety in patients with refractory pediatric malignant tumors. We used an HLA-A\*24:02-restricted GPC3~298--306~ peptide (EYILSLEEL) and an HLA-A\*02:01-restricted GPC3~144--152~ peptide (FVGEFFTDV), which cover almost all common HLA class I types in Japan and were used in previous adult studies. The primary endpoints of this phase I study (UMIN-CTR number: 000006357) were vaccine safety, tolerability, and recommended phase II dosage, and immunological and clinical responses in this trial were assessed as secondary endpoints.

Results {#s0002}
=======

Patient characteristics {#s0002-0001}
-----------------------

Eighteen patients were enrolled in this study ([Table 1](#t0001){ref-type="table"}), with a median follow-up period of 23.2 months (range: 1--56 months). None of the patients dropped out because of adverse events caused by peptide vaccination, and all patients received adequate follow-up to monitor toxicity. Average patient age was 17.5 years (range: 2--24 years), and the rates of male and female patients were equal. Six, four, and eight patients were diagnosed with tumor progression, partial remission, and remission, respectively, and grouped accordingly. Seven patients received the HLA-A2-restricted GPC3~144--152~ peptide (FVGEFFTDV), and 11 patients received the HLA-A24-restricted GPC3~298--306~ peptide (EYILSLEEL), with these 11 and seven patients injected with 1.5 mg and 3.0 mg doses of the GPC3-peptide vaccine, respectively. All 18 patients had undergone conventional chemotherapy, surgery, and radiation therapy prior to receiving GPC3-peptide vaccine therapy; however, all of them showed progression of the disease prior to enrollment in this study. We evaluated the GPC3 and HLA class I expression in the primary tumors from all patients ([Table 2](#t0002){ref-type="table"}), with GPC3 expression detected in all of the patients, except one (case 3) who could not be evaluated. Specifically, patients with hepatoblastoma exhibited strong GPC3 expression (degree of staining: 2+), and cell-membrane expression of HLA class I was evident in seven of 18 patients (39%). Table 1.Patient characteristics.No.AgeSexClinical diagnosis[^a^](#t1fn0001){ref-type="fn"}Group[^b^](#t1fn0002){ref-type="fn"}HLA-ABody weightDose of peptidePrior therapy[^c^](#t1fn0003){ref-type="fn"}111Mhepatoblastomaprogression0230.03.0 mgOpe, CITA, ITEC22Mgerm cell tumorpartial remission2410.61.5 mgJEB, Ope, IE, 05A1, 05A3, RT33Fhepatoblastomaremission2412.61.5 mgCDDP, CITA, ITEC, CPT-11411Fhepatoblastomaremission2438.23.0 mgOpe, CITA, ITEC, Topo/CPA516Mhepatoblastomaprogression2441.03.0 mgOpe, CITA, ITEC, WT165Fhepatoblastomaremission0217.51.5 mgOpe, CITA, Topo/CPA, ITEC74Mhepatoblastomaremission2415.41.5 mgCITA, ITEC, TACE, Ope, BU/Mel, CPT-11814Frhabdomyosarcomaremission2445.63.0 mgVAIA, VCR/CPT-11, RT94Mrhabdomyosarcomapartial remission2416.01.5 mgOpe, VAC, VIE, RT108FCNS tumorprogression0219.51.5 mgMTX, VCR/CPM, VCR/IFO/ActD, MTX, RT, TMZ/VP, TMZ/CPT-11, IFNβ113Frhabdomyosarcomaprogression0218.41.5 mgOpe, RT, VAC, TMZ/CPT-11, GEM/DTX, VDC/IE, vazopanib1210MCNS tumorprogression2419.61.5 mgVCR/CPA/CDDP, TMZ, ETP, VCR/IFO/ActD, VNR132Fhepatoblastomaremission2411.01.5 mgCITA, ITEC1422Mrhabdomyosarcomapartial remission0271.63.0 mgVAC, RT1519MCNS tumorprogression2476.03.0 mgOpe, Temozolimide, CARE, PE/CDDP, TMZ/ETP, RT163FWilms tumorremission0211.21.5 mgDD-4A, Ope, RT175MMRTremission2414.51.5 mgOpe, RT, VAIA1824Fpancreatoblastomapartial remission0276.73.0 mgCDDP/ADR, Ope[^3][^4][^5] Table 2.Patient clinical response and GPC3 specific CTL response. The spot number of GPC3 specific CTL[^d^](#t2fn0004){ref-type="fn"}Expression in the primary tumor[^e^](#t2fn0005){ref-type="fn"}No.Tumor response[^a^](#t2fn0001){ref-type="fn"}PFS[^b^](#t2fn0002){ref-type="fn"} (months)OS[^c^](#t2fn0003){ref-type="fn"} (months)Pre vaccinePost vaccineincreased CTL GPC3HLA class I1NE1130--2+1+2SD1956072+1+2+3CR5555217+NANA4CR4545930+2+2+5NE2211--2++6CR44440641+2+--7CR44443103+2+2+8PD32206--1+1+9CR41506--1+--10PD01NANANA1+--11PR4906--1+--12PD2602--2+1+13CR2727037+2+2+14SD41605--1+--15SD4542--2+--16PD12302--1+--17CR222302--2+--18SD323013+1+--[^6][^7][^8][^9][^10]

Toxicity {#s0002-0002}
--------

The adverse events observed in this trial are listed in [Table 3](#t0003){ref-type="table"}. No dose-limiting toxicity (DLT) or dose-specific adverse events were observed. Grade 3 or 4 adverse events correlated with receipt of GPC3-peptide vaccine therapy were not observed in any patients during the follow-up period. Almost all of the adverse events were judged as grade 1, except for three grade 2 adverse events (cases 6 and 7: drug fever; case 6: upper respiratory infection). Although grade 3 adverse events (case 7: drug fever; case 10: epilepsy and depressed level of consciousness; case 15: fever, spasticity, and increased aspartate aminotransferase levels) were observed, the effect and safety evaluation committee, including the external members, judged these events unrelated to the treatment, but rather to disease progression. Thirteen patients experienced grade 1 or 2 transient immune-related events, including local skin reactions at the injection site, drug fever, and flushing. These results suggested that the GPC3-peptide vaccine therapy was well tolerated. Table 3.The incidence of adverse events relation to the GPC3 vaccine.Adverse eventGrade I(%)Grade II(%)Injection site reaction81 (37.0)0Drug fever3 (1.4)2 (0.9)fatigue2 (0.9)0Head ache1 (0.5)0Upper respiratory infection01 (1.3)Muscle pain1 (0.5)0

Clinical responses {#s0002-0003}
------------------

Two patients (cases 1 and 5) were not able to undergo a computed tomography (CT) scan 2 months after the first vaccination owing to tumor progression. These patients were judged to have disease progression, but were not removed from the analyses based on advice from the effect and safety evaluation committee, including the external members. Among the 18 patients, one and six patients were judged to have a complete response (CR) in partial remission (n = 4) and remission (n = 8) group, respectively, after 2 months, according to Response Evaluation Criteria in Solid Tumors (RECIST) criteria. In the progression group (n = 6), only one patient had SD, with no patient judged as exhibiting a CR. The disease-control rate \[CR+partial response (PR)+SD\] was 66.7% after 2 months, with the median time to tumor progression at 4 months. As for the comparison in remission and partial-remission (not advanced group) vs progression (advanced group) patients, the not advanced group showed better progression-free survival (PFS) \[hazard ratio (HR) = 7.6; p \< 0.01\] and better overall survival (OS) (HR = ∞; p \< 0.001) than advanced group ([Fig. 1A](#f0001){ref-type="fig"}). Figure 1.(A) Kaplan-Meier curves for PFS and OS. Patients in the partial-remission and remission groups (not advanced) exhibited longer PFS and OS than those in the progression group (advanced) (*p* \< 0.01 and *p* \< 0.001, respectively). (B) Kaplan-Meier curves for PFS and OS. Hepatoblastoma patients in the partial-remission group exhibited longer PFS and OS than those harboring other pediatric solid tumors. (C) Kaplan-Meier curves for PFS and OS. Patients with GPC3-specfic CTL frequencies ≥10 exhibited longer PFS and OS than those with GPC3-specfic CTL frequencies \<10 (p = 0.06 and p \< 0.05, respectively).

Given that patients with hepatoblastoma exhibited strong GPC3 expression in the primary tumor ([Table 2](#t0002){ref-type="table"}), we compared their PFS and OS with those with other cancers, except for patients in the progression group. Our results indicated surprisingly that none of the hepatoblastoma patients showed disease progression or died during the follow-up period ([Fig. 1B](#f0001){ref-type="fig"}). As for the difference in PFS, it was statistically significant (p\<0.01). These results suggested that patients in remission and harboring a hepatoblastoma without the chance of cure or SD might benefit from GPC3-peptide vaccine therapy.

We evaluated the level of circulating GPC3 before and after vaccinations to assess their utility in GPC3-peptide vaccine therapy (Supplementary [Fig. 1](#f0001){ref-type="fig"}). GPC3 levels were not detectable in the plasma of patients with central nervous system tumors (cases 10, 12, and 15), malignant rhabdoid tumors (case 17), or pancreatoblastomas (case 18) during the follow-up period. Two patients (cases 2 and 13) exhibiting decreased and extended maintenance of low GPC3 levels presented comparatively long PFS with good QOL. The hepatoblastoma patients (cases 4, 6, and 7) in the remission group and who had maintained low GPC3 levels exhibited no recurrence. Patients (cases 1, 5, and 16) judged as progressive disease exhibited increased GPC3 levels.

PFS and OS rates correlate with GPC3-specific CTL frequency {#s0002-0004}
-----------------------------------------------------------

In cancer immunotherapy, CTLs are often the final effectors of immune-mediated cancer regression. Therefore, peripheral blood mononuclear cells (PBMCs) obtained from all patients before and after vaccination were examined by *ex vivo* interferon (IFN)-γ enzyme-linked immunospot (ELISPOT) assay to determine whether the GPC3-peptide vaccine was capable of inducing a specific CTL response. As a representative data, the raw data were shown in [Fig. 2](#f0002){ref-type="fig"}. In order to eliminate the reaction to impurities contained in the peptide, the difference from the spot number against HIV peptide was taken as the number of GPC3 peptide specific spot. During vaccination, one patient (case six: HLA-A2) in whom GPC3 expression was diffusely positive (Supplementary [Fig. 2](#f0002){ref-type="fig"}) maintained increasing numbers of GPC3-peptide-specific CTLs in 5 × 10^5^ PBMCs ([Fig. 2A](#f0002){ref-type="fig"}). In addition, similar results were obtained from *ex vivo* Dextramer analysis that is less sensitive to the impurities ([Fig. 2B](#f0002){ref-type="fig"}). As shown in [Fig. 3](#f0003){ref-type="fig"} and [Table 2](#t0002){ref-type="table"}, we found that the GPC3-peptide vaccine induced a GPC3-specific CTL response in seven of the 18 patients (39%), and almost all of the patients showing increased GPC3-specific CTL frequency were in remission and had diagnosed hepatoblastoma (71%). By contrast, GPC3-specific CTL frequency never increased in the progression group. GPC3-specific CTLs were directly detected *ex vivo* without *in vitro* peptide stimulation in almost all patients following GPC3-peptide vaccination. This was consistent with a previous clinical study involving adults, which showed that GPC3-specific CTL frequency after vaccination correlated with OS.[@cit0015] Here, we compared the PFS and OS between patients with GPC3-specific CTL frequencies ≥10 (*n* = 7) and those with GPC3-specific CTL frequencies \<10 (*n* = 10), finding that the patients of CTL frequencies ≥10 showed better PFS (p = 0.06) and also better OS (p\<0.05). Furthermore, no patients with GPC3-specific CTL frequencies ≥10 died during the course of the study ([Fig. 1C](#f0001){ref-type="fig"}). Figure 2.*Ex vivo* IFN-γ ELISPOT assay (A) and *ex vivo* Dextramer assay (B) were performed using PBMCs obtained from case 6 before the first vaccination and 2 weeks after each vaccination. The raw data are shown. The GPC3 specific spot number indicates the number of GPC3 peptide-specific spot calculated by subtracting the spot number in a well of HIV peptide. Figure 3.PBMCs were obtained from each patient before the first vaccination and 2 weeks after each vaccination. *Ex vivo* IFN-γ ELISPOT assay were performed for all patients. The GPC3 specific spot number indicates the number of GPC3 peptide-specific spot calculated by subtracting the spot number in a well of HIV peptide. The red point indicates the maximum spot number of each patient after vaccinations. The picture is raw data of the maximum spot of each patient.

GPC3 peptide-specific CTLs could recognize pediatric tumor cell lines expressing naturally GPC3 {#s0002-0005}
-----------------------------------------------------------------------------------------------

To investigate the ability of GPC3 peptide-specific CTLs induced by peptide vaccination, we established the GPC3 peptide-specific CTL clones from PBMCs of case 6 (HLA-A2). After *in vitro* stimulation, GPC3-Dextramer^+^ cells (1.95% of CD8^+^ cells) were sorted to a single cell. The established CTL clone was CD8^+^ GPC3 Dextramer^+^ cells (99.8%) ([Fig. 4A](#f0004){ref-type="fig"}). The CTL clone had GPC3 peptide-specific cytotoxic activity ([Fig. 4B](#f0004){ref-type="fig"}). Next, we assessed GPC3 expression of HLA-A\*02:01^+^ pediatric tumor cell lines ([Fig. 4C](#f0004){ref-type="fig"}, [D](#f0004){ref-type="fig"}). HepG2, G-401 and HuH-6 cells expressed naturally GPC3 but not SK-N-DZ cells. The levels of GPC3 expression of SK-Hep-1/hGPC3 was higher than that of pediatric tumor cell lines, because it was stable transfectant of full-length GPC3 gene. The CTL clone could recognize SK-Hep-1/hGPC3, HepG2, G-401 and HuH-6, and secrete IFN-γ ([Fig. 4E](#f0004){ref-type="fig"}). In an HLA blocking experiment, the IFN-γ production of the CTL clone against tumor cell lines expressing GPC3 was markedly inhibited by anti-HLA class I mAb as compared with that by IgG2a isotype control ([Fig. 4F](#f0004){ref-type="fig"}). These results indicate that the CTL clone recognized pediatric tumor cell lines in an HLA-class I-restricted manner. By using siRNA, we confirmed GPC3 specificity in antigen recognition of the CTL clone. The IFN-γ production of the CTL clone against pediatric tumor cell lines pretreated with GPC3 siRNA was significantly decreased ([Fig. 4G](#f0004){ref-type="fig"}). These results clearly indicate that the CTL clone could recognize the GPC3 peptide when it is naturally processed by an HLA-matched pediatric tumor cell lines. Figure 4.Analysis of GPC3~144-152~ peptide specific CTL clone. (A) CD8^+^ GPC3-Dextramer^+^ cells in PBMCs of case 6 following peptide stimulation were sorted to a single cell. GPC3~144-152~ peptide specific CTL clone was successfully established. (B) Cytotoxicity assay of the CTL clone against GPC3~144-152~ or HIV~19-27~ peptide pulsed T2 cells. Effector/target (E/T) ratio is 1, 3, 10. (C, D) The GPC3 expression of cancer cell lines were assessed by western blot (C) and quantitative real-time PCR (D). The relative GPC3 mRNA expression (ratio to SK-Hep-1/hGPC3) are shown. (E) The reactivity of CTL clone against cancer cell lines. The CTL clone were co-cultured with cancer cell lines for 20 hour (E/T = 2). The production of IFN-γ were detected by ELISPOT assay. Data are expressed as the mean ± SD. (F) Inhibition of IFN-γ production by anti-HLA class I mAb. GPC3 expressing cancer cell lines used as target cells (E /T = 2). The IFN-γ production of the CTL clone was markedly inhibited by anti-HLA class I mAb as compared with that by IgG2a isotype control. The black bar indicates anti HLA-class I. The white bar indicates isotype control. The antibodies were used at the concentration of 3, 10, 30 μg/ml. Data are expressed as the mean ± SD. (G) The IFN-γ production of the CTL clone against cancer cell lines pretreated with GPC3 siRNA (E/T = 2). The IFN-γ production of the CTL clone was decreased by GPC3 siRNA. Data are expressed as the mean ± SD. nc, negative control.

Tumor infiltration of GPC3-peptide-specific CTLs following peptide vaccination {#s0002-0006}
------------------------------------------------------------------------------

To confirm whether tumor-infiltrating lymphocytes were GPC3-peptide-specific CTLs, we attempted to detect GPC3-peptide-specific CTLs in tumor-resected specimens from vaccinated patients. Although one patient (case 2: HLA-A24) induced high GPC3-peptide-specific CTLs ([Fig. 5A](#f0005){ref-type="fig"}) with high HLA class I expression, the patient also exhibited small solitary recurrence in the lung. A lung metastatic tumor-resected specimen was obtained from this patient following GPC3-peptide vaccination and after receiving informed consent. We analyzed the GPC3-specific CTL frequency of this resected specimen by flow cytometry, using the GPC3 peptide Dextramer. We assessed GPC3-specific CTL frequency as the percentage of both Dextramer- and CD8-positive cells, with our results showing that the frequency of GPC3-peptide-specific CTLs from the resected specimen was 0.03% following vaccination ([Fig. 5B](#f0005){ref-type="fig"}). Moreover, we established GPC3-peptide-specific CTL clones (TIL clone 1, 2) from the specimen by single-cell sorting, using GPC3-Dextramer variants ([Fig. 5C](#f0005){ref-type="fig"}). The GPC3-Dextramer^+^ TIL clones exhibited IFN-γ secretion against SK-Hep-1/hGPC3 that transfected full-length GPC3 gene or GPC3~298-306~ peptide pulsed T2A24 cells, but not against SK-Hep-1/vec that transfected empty vector or HIV~583--591~-pulsed T2A24 cells ([Fig. 5D](#f0005){ref-type="fig"}). We also detected CD107a molecule on the surface of the TIL clones co-cultured with GPC3~298-306~ peptide pulsed T2A24 cells, which could be used as a surrogate marker to identify antigen-specific CTLs that degranulate against target cells ([Fig. 5E](#f0005){ref-type="fig"}). Furthermore, the TIL clone 1 exhibited GPC3-peptide-specific TNF-α secretion ([Fig. 5F](#f0005){ref-type="fig"}). These results suggested that GPC3-peptide-specific CTLs induced by GPC3-peptide vaccination infiltrated into the tumor tissue and prevented tumor progression. Figure 5.Immunological-response assessment in case 2. (A) The raw data of *ex vivo* IFN-γ ELISPOT assay using PBMCs of case 2. Dextramer assay using PBMCs of case 2 were performed after *in vitro* peptide stimulation. (B) *Ex vivo* GPC3-Dextramer staining after vaccination. GPC3-peptide-specific CTL frequency is indicated as the percentage of Dextramer-positive CTLs to CD8-positive cells in the tumor-resected specimen (red circle). (C) Dextramer analysis of the establishment of the GPC3-peptide-specific CTL clones in the tumor-biopsy specimen. (D) IFN-γ ELISPOT assay against SK-Hep-1/vec, SK-Hep-1/hGPC3, and peptide-pulsed T2A24. Effector / target (E / T) ratio = 0.2. (E) Externalized CD107a analysis of the establishment of the GPC3-peptide-specific CTL clones in the tumor-biopsy specimen. T2A24 pulsed with GPC3~298--306~ or HIV~583--591~ peptide were used as target cells. (F) TNF-α levels in the CTL clone (TIL clone.1) (1.0 × 10^5^ cells/well) after a 24-h co-culture with the indicated target cells (5 × 10^4^ cells/well). Data represent the mean ± standard deviation of triplicate cultures. \**p* \< 0.05.

Discussion {#s0003}
==========

Since we did not observe DLT in this study, the incremental doses of peptide per patient body weight were adequate. Adverse events related to this therapy indicated that this therapy was also well tolerated (grade 1: 40.3%; grade 2: 2.2%), although recent phase I clinical trials related to pediatric solid tumors showed DLT and grade 3 or 4 adverse events.[@cit0019] Given our results indicating the adequate induction of GPC3-specific CTLs, the peptide doses used in this study are recommended for future clinical trials.

Previous studies showed that GPC3 is overexpressed in many pediatric and adult malignant tumors, including Wilms tumors, hepatoblastomas, melanomas, ovarian clear-cell carcinomas, and lung squamous-cell carcinomas.[@cit0021] Our findings following evaluation of GPC3 expression in the primary tumors of 18 patients by immunohistochemistry indicated consistent GPC3 expression in various pediatric solid tumors. Moreover, all hepatoblastomas exhibited strong GPC3 expression (degree of staining: 2+), and a previous study examining 65 hepatoblastoma patients by immunohistochemistry reported that all subjects exhibited GPC3-positive results.[@cit0025] These findings suggested that the rate of GPC3 expression in hepatoblastomas might be higher than that in HCC in adults (72--81%).[@cit0026] GPC3 was originally identified as an oncofetal protein, with fetal liver tissues found to be GPC3-positive.[@cit0028] Therefore, GPC3 was considered more closely associated with tumorigenesis in pediatric solid tumors as compared with adult tumors. Here, although all primary tumors from patients exhibited GPC3 expression, we did not observe significant differences in PFS and OS rates between patients exhibiting weak GPC3 expression (degree of staining: 1+) and those exhibiting strong GPC3 expression (degree of staining: 2+). Therefore, regardless of the degree of GPC3 expression, our findings indicated that all patients might benefit from GPC3-peptide vaccine therapy.

While hepatoblastoma patients whose tumors are unresectable but without overt metastases have event free survival (EFS) of 60--70%, children with metastatic disease at presentation fare poorly with approximately 20--50% EFS.[@cit0030] For the relapsed patients, International Childhood Liver Tumor Strategy Group showed that 52% of the patients achieved a second CR, and that three-year EFS and overall survival for the relapsed patients were 34% and 43%, respectively.[@cit0031] Data analysis of malignant extracranial pediatric germ cell tumors trials from Children\'s Oncology Group (United States) and the Children\'s Cancer and Leukemia Group (United Kingdom) showed long-term disease-free survival (LTDFS) in subgroups according to age, tumor site, stage, etc, which LTDFS for stage IV extragonadal tumors with age below 11 years was 79%.[@cit0032] Although the number of our patient is small, it should be emphasized that our patients with advanced cancer are surviving after the current vaccine therapy, compared to historical controls, especially, patients with hepatoblastoma.

The primary endpoint of this study was assessment of vaccination safety; however, we also showed that tumor-antigen-specific CTLs played a critical role in GPC3-targeted immunotherapy. Although GPC3-specific CTL frequency was significantly correlated with PFS and OS in this study, significant correlations between immune responses and OS were not reported in other peptide-vaccine-therapy trials involving pediatric solid tumors.[@cit0011] We found that patients with GPC3-specific CTL frequencies ≥10 exhibited longer survival duration than those with GPC3-specific CTL frequencies \<10. The GPC3-peptide vaccine induced GPC3-specific CTL responses in seven of 18 patients, and of those seven patients, five (71%) were diagnosed with hepatoblastoma, with all patients exhibiting induced GPC3-specific CTL responses also receiving a good prognosis. Although complete resection is a critical component associated with curing patients with hepatoblastoma, 60% to 80% of patient tumors are unresectable at diagnosis depending on the surgical guidelines used.[@cit0034] In the case of chemotherapy, event-free survival in patients with hepatoblastoma that was not resected at diagnosis generally approaches at least ∼65% to ∼70%.[@cit0034] Although this varies depending on additional prognostic factors, as well as the different staging systems, this result suggests that GPC3-peptide vaccine therapy would be an attractive form of immunotherapy for patients with hepatoblastoma. However, GPC3-specific CTL responses were not observed in patients with undetectable plasma GPC3 levels before and after vaccination. Specifically, six patients in the progression group received a poor prognosis in the absence of GPC3-specific CTL responses. This highlighted the difficulty in treating advanced pediatric solid tumors solely with GPC3-peptide vaccine therapy, and to the best of our knowledge, there are no effective immunotherapies against advanced pediatric tumors. However, novel immunotherapies, including those using immunomodulatory antibodies and chimeric antigen-receptor T cells, are expected to improve survival rates.[@cit0038]

Validated biomarkers are not currently available for the prediction of efficacy and the selection of patients that might benefit from GPC3-peptide vaccines to treat pediatric solid tumors. It was recently reported that GPC3-expression level serves as a predictive marker and improves diagnostic efficacy when used with other tumor markers in adults with HCC.[@cit0040] In this study, GPC3 levels decreased temporarily at least once in cases 2, 3, 5, 6, 7, 11, and 13 during the follow-up period. Furthermore, two patients (cases 2 and 13) who maintained low GPC3 levels received comparatively good prognoses, suggesting that circulating GPC3 level might also serve as a predictive marker of GPC3-peptide-vaccine efficacy for the treatment of pediatric solid tumors. Future clinical trials should incorporate the investigation of biomarkers that could be potentially predictive of treatment response.

We clearly demonstrated the presence of GPC3-peptide-specific CTLs in PBMCs, as well as the infiltration of these cells into tumor tissue. This evidence serves as a proof-of-concept for immunotherapy using tumor-antigen-specific CTLs. Moreover, we were able to isolate a high-affinity GPC3-specific T cell clone from the infiltrated tumors, and are currently developing more effective immunotherapies, including T cell receptor (TCR)-engineered T cell therapy using TCRs from these GPC3-peptide-specific CTL clones.

To date, there have been no reports indicating adequate antitumor efficacy of peptide vaccines in clinical trials involving patients with pediatric solid tumors. One explanation is that a sole tumor-associated antigen is insufficient to induce antitumor responses in pediatric refractory solid tumors and would also not be capable of escaping immunosurveillance. Therefore, this study aimed to improve vaccine therapies against pediatric solid tumors by performing a phase I clinical trial involving a peptide vaccine. Although our results did not show the desired efficacy against advanced pediatric solid tumors, we observed that the peptide vaccine might be effective as an adjuvant therapy for patients with advanced pediatric solid tumors.

In conclusion, this phase I clinical trial of a GPC3-derived peptide vaccine confirmed its safety and revealed its ability to induce a plethora of immunological responses in GPC3-expressing pediatric solid tumors. We also showed that GPC3-specific CTL frequency correlated with PFS and OS in patients with pediatric solid tumors who had received the GPC3-peptide vaccine. Our results indicated that the GPC3-peptide vaccine could be beneficial for patients with relapsed or refractory pediatric solid tumors and those experiencing high rates of GPC3-overexpressing hepatoblastoma recurrence after a second CR.

Materials and methods {#s0004}
=====================

Patient eligibility {#s0004-0001}
-------------------

This phase I clinical trial was approved by the Ethics Committee of the National Cancer Center, Japan (Tokyo, Japan), and was carried out from September 2011 to June 2016. Patients with refractory pediatric tumors without leukemia were enrolled after providing informed written consent. The patients were divided into three groups (progression group: patient in refractory, recurrent, or progressive status; partial-remission group: patient in partial remission or SD; and the remission group: patient in remission without chance of cure). The following eligibility criteria were employed: 1) patients with histological confirmation of GPC3 expression in tumor cells; 2) no expectation of response to other therapies; 3) age between 1 and 40 years; 4) an Eastern Cooperative Oncology Group performance status of 0 to 2; 5) no prior therapy within 4 weeks; 6) life expectancy of ≥3 months; 7) HLA-A24- or HLA-A2-positive status as determined using commercially available genomic DNA typing tests (Mitsubishi Chemical Medicine, Tokyo, Japan); 8) confirmation of the following laboratory results within 14 days (absolute neutrophil count ≥1000/μL; hemoglobin ≥8.0 g/dL; platelets ≥75,000/μL; serum creatinine adjusted according to age as follows: ≤0.8 mg/dL (\<5 years), ≤1.2 mg/dL (\<5--9 years), and ≤1.5 mg/dL (\<10--19 years); total bilirubin ≤1.5mg/dL; aspartate aminotransferase ≤165 IU/L; and alanine aminotransferase ≤200 IU/L); and 9) patients aged ≤15 years required written informed consent from legal guardian, and those aged from 16 to 19 years required written informed consent from both the patient and the legal guardian The following exclusion criteria were applied: 1) pleural effusion or ascites requiring removal by puncture; 2) active concurrent cancer or secondary cancer within 5 disease-free years of primary cancer; 3) active infection requiring systemic medication; 4) active gastrointestinal bleeding; 5) severe complications, including cardiac failure, renal failure, liver failure, active gastro-duodenal ulcer, ileus, or uncontrolled diabetes mellitus; 6) severe psychiatric disorder; 7) past history of severe drug allergy; 8) currently taking systemic steroids or immunosuppressant medication; 9) judged inappropriate for the trial by a responsible researcher; and 10) unsuitability for the trial based on clinical judgment.

Study design and endpoints {#s0004-0002}
--------------------------

This study was a non-randomized, open-label, uncontrolled phase I clinical trial to evaluate the efficacy and safety of the GPC3 peptides in pediatric patients with refractory malignant tumors. HLA-A\*24:02-restricted GPC3~298--306~ peptide (EYILSLEEL) (American Peptide Company, Sunnyvale, CA, USA) was used in HLA-A24-positive patients, and HLA-A\*02:01-restricted GPC3~144--152~ peptide (FVGEFFTDV) (American Peptide Company) was used in HLA-A2-positive patients. Peptides were administered in liquid form, emulsified with incomplete Freund\'s adjuvant (IFA) (Montanide ISA-51VG; SEPPIC, Paris, France), by intradermal injection every 2 weeks until disease progression or recurrence. The peptides and IFA were synthesized according to Good Manufacturing Practice guidelines. Administration of two incremental doses of peptide per patient body weight (\<20kg: 1.5mg; \>20kg: 3.0mg) was planned. The primary endpoint was the safety of peptide vaccination. The secondary endpoints were clinical outcomes, including PFS, OS, and GPC3-specific immune responses to GPC3 vaccination. This study was approved by the Ethics Committee of the National Cancer Center, Japan and conformed to the ethical guidelines of the 1975 Declaration of Helsinki. The trial has been registered with the University Hospital Medical Information Network Clinical Trials Registry (UMIN-CTR number: 000006357).

Evaluation of toxicity and clinical response {#s0004-0003}
--------------------------------------------

Patients were examined for signs of toxicity during and after vaccination. Adverse events were graded according to the Common Terminology Criteria for Adverse Events version 4.0. Hematological examinations were conducted prior to each vaccination. The tumor size was evaluated by CT or magnetic resonance imaging before vaccination, and then every 8 to 12 weeks after the first vaccination. Tumor responses were evaluated according to RECIST guidelines (version 1.1).[@cit0042]

Cell lines {#s0004-0004}
----------

The HLA-A\*02:01 human cancer cell lines, hepatocellular carcinoma HepG2, wilm\'s tumor G-401, neuroblastoma SK-N-DZ and hepatoblastoma HuH-6 were used as target cells. The human liver-cancer cell line SK-Hep-1 (GPC3−, HLA-A\*02:01 /A\*24:02) were stably transfected with a human full-length GPC3 gene (SK-Hep-1/hGPC3; GPC3+, HLA-A\*02:01 /A\*24:02) or empty vector (SK-Hep-1/vec; GPC3−, HLA-A\*02:01 /A\*24:02). T2 (HLA-A\*02:01, TAP^−^) cells and T2A24 (HLA-A\*24:02, TAP^−^) cells were pulsed with GPC3~144--152~ or HIV~19-27~ peptide and GPC3~298--306~ or HIV~583--591~ peptide, respectively (ProImmune, Oxford, UK) at room temperature for 1h. These cells were maintained in RPMI 1640 or DMEM medium (Sigma, St Louis, MO, USA) supplemented with 10% FCS, penicillin (100 U/ ml) and streptomycin (100 μg / mL) at 37°C in a humidified atmosphere containing 5% CO~2~.

Ex vivo IFN-γ ELISPOT assay {#s0004-0005}
---------------------------

An *ex vivo* IFN-γ ELISPOT assay was performed to measure the antigen-specific CTL response, as described previously.[@cit0043] Briefly, peripheral blood (10mL) was obtained from each patient before the first vaccination and 2 weeks after each vaccination and centrifuged with a Ficoll-Paque gradient. PBMCs were frozen prior to immunological analysis, and all PBMCs obtained from an individual patient were incubated in the same plate and analyzed by *ex vivo* IFN-γ ELISPOT assay at the same time. Non-cultured PBMCs (5 × 10^5^/well) were added to plates in the presence of peptide antigens (10µg/mL) and incubated for 20 h at 37°C in 5% CO~2~. The GPC3 antigen used was the HLA-A2-restricted GPC3~144--152~ (FVGEFFTDV) peptide or the HLA-A\*24:02-restricted GPC3~298--306~ peptide (EYILSLEEL). PBMCs plus HLA-A2-restricted HIV~19--27~ (TLNAWVKVV) peptide (ProImmune) or HLA-A\*24:02-restricted HIV~583-591~ (RYLKDQQLL) (ProImmune) were used as negative controls. The assays were performed in duplicate. The GPC3 specific spot number indicates the number of GPC3 peptide-specific spot calculated by subtracting the spot number in a well of HIV peptide.

Dextramer staining and flow-cytometry analysis {#s0004-0006}
----------------------------------------------

PBMCs were stained with HLA-A\*02:01 Dextramer-RPE \[GPC3~144--152~ (FVGEFFTDV) or HIV~19--27~ (TLNAWVKVV); Immudex, Copenhagen, Denmark\] and HLA-A\*24:02 Dextramer-RPE \[GPC3~298--306~ (EYILSLEEL) or HIV~583--591~ (RYLKDQQLL); Immudex\] for 10 min at room temperature and with anti-CD8-FITC (ProImmune) for 20 min at 4°C. Flow cytometry was performed using a FACSAria cell sorter (BD Biosciences, San Jose, CA, USA) as described previously.[@cit0043]

CD107a staining and flow-cytometry analysis {#s0004-0007}
-------------------------------------------

The CTL clones were incubated with T2A24 pulsed with GPC3~298--306~ or HIV~583--591~ peptide at a 2:1 ratio for 3.5 h at 37°C. CD107a-specific antibodies (BD Biosciences) were included during the incubation period.

Response of CTL clones against cancer cell lines {#s0004-0008}
------------------------------------------------

The CTL clones were cocultured with each cancer cell line as a target cell at the indicated effector / target (E / T) ratio, and cytotoxicity assay or IFN-γ ELISPOT assay was carried out. Blocking of HLA-class I was carried out using anti HLA-ABC antibody (clone W6/32, BioLegend, San Diego, CA, USA) and IgG2a Isotype control.

Measurement of plasma GPC3 concentrations {#s0004-0009}
-----------------------------------------

Plasma GPC3 concentrations were measured using a fully automated assay kit provided by Sysmex Corporation (Kobe, Japan). Briefly, a biotinylated monoclonal antibody reagent was employed to capture GPC3 from clinical plasma samples from patients, and streptavidin-coated magnetic beads were used to capture the immune complexes. Following magnetic separation and washing for bound/free fraction (B/F) separation, a second monoclonal antibody labeled with alkaline phosphatase was reacted with the immune complex. After a second round of B/F separation, the immune complex was quantified using the HISCL chemiluminescent reagent (Sysmex Corporation). All reactions were performed at 42°C in the HISCL-800 fully automated immunoassay system (Sysmex Corporation) within 17 min.

Cytokine measurements {#s0004-0010}
---------------------

TNF-α levels in the culture supernatants were evaluated using Cytometric bead array flex sets (BD Biosciences) according to manufacturer protocol. The resulting data were analyzed using FCAP Array Software (v3.0; BD Biosciences).

Immunohistochemical analysis {#s0004-0011}
----------------------------

Biopsy specimens were taken from all the vaccinated patients, each of whom provided informed written consent. Specimens were stained with hematoxylin and eosin or monoclonal antibodies against GPC3 (clone 1G12; dilution 1:300; BioMosaics, Burlington, VT, USA) or HLA class I (clone EMR8/5; dilution 1:2500; Hokudo, Sapporo, Japan) according to manufacturer protocol.

Western blot {#s0004-0012}
------------

The cell lysate were obtained from cancer cell lines. Western blot was performed using anti GPC3 antibody (clone 1G12, BioMosaics) or anti β-actin antibody (clone AC-15, SIGMA).

Real-time PCR {#s0004-0013}
-------------

RNA preparation and quantitative real-time PCR (qRT-PCR). Total RNA was isolated using RNeasy Mini kit (QIAGEN, Valencia, CA, USA) following the manufacturer\'s instructions. GPC3 gene expression levels were analyzed by qRT-PCR assays using the following primers generated according to the indicated reference sequences: sense, 5′-GAGCCAGTGGTCAGTCAAAT-3′ and antisense, 5′-CTTCATCATCACCGCAGTC-3′. Amplification reactions were carried out in 96-well plates in 25 μL reaction volume using the Power SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA, USA). All reactions were performed in technical triplicate using an ABI 7500 Fast Real-Time PCR System. Relative expression of the GPC3 gene to the endogenous control gene, β-actin, was calculated using the comparative CT method. β-actin qRT-PCR primer sequences were: sense, 5′-TCCATCATGAAGTGTGACGT-3′ and antisense, 5′-GAGCAATGATCTTGATCTTCAT-3′.

RNA interference {#s0004-0014}
----------------

Small interfering RNAs specific for human GPC3 were chemically synthesized double-strand RNAs (Invitrogen, Carlsbad, CA, USA). A non-silencing siRNA, AllStras Neg. Control siRNA, was obtained from Qiagen (Valencia, CA, USA). The GPC3-specific siRNA sequence used in this study was: 5′-GGAGGCUCUGGUGAUGGAAUGAUAA-3′. Synthetic siRNA duplexes were transfected using Lipofectamine RNAiMAX (Invitrogen) according to the manufacturer\'s protocols.

Generation of CTL clones {#s0004-0015}
------------------------

CD3+CD8+ GPC3 Dextramer+ cells from PBMCs and enzyme-treated tumors were sorted using a FACSAria cell sorter (BD Biosciences), seeded into a 96-well plate (1 cell/well), and stimulated by the addition of irradiated (100Gy) allogeneic PBMCs (8 × 10^4^ cells/well) as feeder cells in AIM-V medium supplemented with 10% human AB serum, interleukin-2 (200 U/ mL), and phytohemagglutinin-P (5µg/mL) for 14 to 21 days as described previously.[@cit0043]

Statistical analysis {#s0004-0016}
--------------------

All statistical analyses were performed using R software packages (R Foundation for Statistical Computing; <http://www.r-project.org>). Survival rates were analyzed by the R package survfit (Kaplan-Meier method). HRs and significance levels were analyzed by the R package coxph (Cox proportional hazard analysis). Statistical significance was defined as a *p* \< 0.05.
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Abbreviations
=============

B/F

:   bound/free fraction

CI

:   confidence interval

CR

:   complete response

CTL

:   cytotoxic T lymphocyte

DLT

:   dose-limiting toxicity

ELISPOT

:   enzyme-linked immunospot

GPC3

:   glypican-3

HCC

:   hepatocellular carcinoma

HLA

:   human leukocyte antigen

HR

:   hazard ratio

IFA

:   incomplete Freund\'s adjuvant

IFN

:   interferon

MHC

:   major histocompatibility complex

OS

:   overall survival

PBMC

:   peripheral blood mononuclear cell

PFS

:   progression-free survival

PR

:   partial response

QOL

:   quality of life

RECIST

:   Response Evaluation Criteria in Solid Tumors

SD

:   stable disease

TCR

:   T cell receptor

TNF-α

:   tumor necrosis factor-α

[^1]: Supplemental data for this article can be accessed on the [publisher\'s website](https://doi.org/10.1080/2162402X.2017.1377872).

[^2]: These authors contributed equally to this work.

[^3]: Clinical diagnosis. CNS, central nervous system; MRT, malignant rhabdoid tumor.

[^4]: Group. progression, patient in refractory, recurrent, or progressive status; partial remission, patient in partial remission or stable disease; remission, patient in remission without chance of cure.

[^5]: Prior therapy. ActD, actinomycin-D; ADR, adriamycin; BU, busulfan; Ope, surgery; CDDP, cisplatin ; CITA, CDDP-pirarubicin ; CPA, cyclophosphamide; CPM, cyclophosphamide; CPT-11, irinotecan; DD-4A, dactinomycin-VCR; DTX, docetaxel; ETP, etoposide; IFO, ifosfamide; IFNβ, interferon-beta; ITEC, Ifosfamide-pirarubicin-ETP-carboplatin; JEB, carboplatin-ETP-bleomycin; IE IFO-ETP ; Mel, melphalan; PE, CDDP-ETP; TACE, transarterial chemoembolization ; Topo, topoisomerase inhibitors; RT, radiotherapy; WT1, WT1 peptide vaccine; MTX, methotrexate; TMZ, temozolomide; GEM, gemcitabine; VAC, VCR-ADR-CPM VAIA, VCR-ActD- IFO-doxorubicin; VCR, vincristine; VDC, VCR-doxorubicin- CPA; VIE, vincristine-IFO-ETP; VNR, vinorelbine; VP, VNR --CDDP; 05A1 and 05A3, CPA-VCR-pirarubicin-CDDP.

[^6]: Tumor response. Tumor responses were evaluated according to Response Evaluation Criteria in Solid Tumors (RECIST) guideline assessment.

[^7]: PFS, progression free survival.

[^8]: OS, overall survival.

[^9]: Number of GPC3-specific CTL spots. The number of GPC3 peptide-specific CTL spots (post-vaccination) was the maximum number of spots in an ex vivo IFN-γ ELISPOT assay for GPC3 peptide, performed after vaccination and using 5 × 10^5^ PBMCs. -, the spot number of GPC3 specific CTL increased \< 10 after vaccine. +, The spot number of GPC3 specific CTL increased \> 10 after vaccine.

[^10]: Expression in the primary tumor. Expression of GPC3 and HLA class I was determined by immunohistochemistry. Degree of staining of tumor cells for GPC3: -, no reactive; 1+, weak reactive; 2+, strong reactive; NA, not analyzed. Degree of staining of tumor cells for HLA class I: -, no membranous reactive; 1+, weak membranous reactive; 2+, strong membranous reactive; NA, not analyzed.
